Abstract-Titanium dioxide (TiO2) and gold doped TiO2 (AuTiO2) thin films on langasite (LGS) substrates were employed for carbon monoxide (CO) sensing. These two types of sensors have interdigital electrodes with Ti, Ni and Au metallization film. Thin films of TiO2 were deposited using the radio frequency (RF) magnetron sputtering method. Both TiO2 and Au-TiO2 based gas sensors were exposed to low concentrations of CO gas in synthetic air at a temperature range between 230°C and 320°C and their electrical conductivity were measured. It has been observed that the device sensitivity is much greater for the Au-TiO2 based gas sensor. The response time of the sensor is shorter than that of commercial conductometric CO sensors.
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I. INTRODUCTION
Due to the rapid growth in industries and population, environmental health hazards are a growing concern for our society today. There is a need to monitor and reduce harmful gases e.g. carbon monoxide, nitrogen oxides and hydrocarbons from power plants and automobiles using reliable and low-cost methods. Solid-state gas sensors offer a low-cost and practical alternative to conventional analytic equipment. Particularly, metal-oxide gas sensors are of interest due to their high sensitivity and small dimension. Titanium dioxide (TiO2) is one of the semiconductor metal oxides suitable for development of conductometric gas sensors. Being one of the most investigated materials, TiO2 has been extensively used in gas sensing experiments [1] [2] [3] [4] [5] . TiO2 has also found itself to be commercially viable in photocatalytic products e.g. air cleaners and air conditioners and self-cleaning surfaces [6] .
TiO2 has three polymorphs namely anatase, rutile and brookite. These different polymorphs influence the sensing properties. The anatase phase is preferred over rutile in gas sensing due to its higher photocatalytic activity [7] . Anatase and brookite are thermodynamically metastable forms of TiO2 which irreversibly convert to rutile at high temperatures. This antase-to-rutile transition has a severe Peter Livingston Industrial Research Institute, Bioengineering Group Swinburne University of Technology Hawthorn, Australia effect on the sensor's sensitivity. Therefore, it is essential to maintain the nanostructure in anatase phase to increase the device's sensitivity in gas sensing [8] .
The addition of dopants to metal oxide semiconductors is the most common approach to control the selectivity and sensitivity in gas sensing experiments. Recently, gold has earned its reputation as an excellent catalyst in gas sensing performances. Much literature have reported that the ultra fine particles of gold resulted in a higher catalytic oxidation of CO [9, 10] . This catalytic activity is also affected by the anatase phase of TiO2. Takaoka et al. [11] have revealed that the anatase phase has more oxygen vacancies than the rutile phase of TiO2 which lead to more Ti states. Therefore, the catalytic oxidation of CO is enhanced when gold was supported on the anatase phase.
Langasite (LGS) is a material which has excellent stability at high temperature and, to best of the authors' knowledge, has not previously been used as a conductometric substrate for gas sensing applications.
In this paper, we use the radio frequency (RF) magnetron sputtering method for the fabrication of nanocrystallite thin films of TiO2 on a LGS substrate. Microstructural characterization of the films was carried out by means of scanning electron microscopy (SEM) and X-ray diffraction (XRD). Electrical responses of both sputtered TiO2 and gold doped TiO2 (Au-TiO2) films towards CO at a temperature range between 230°C and 320°C have been measured. Fig. 1 and Fig. 2 respectively. Fig. 1 shows a denser amorphous TiO2 film and consists of pyramidal shaped grains. Significant grain coarsening, less elongated and edge rounded shaped grains are shown in Fig.  2 .
Both nonannealed and annealed (at 500°C) LGS with Ti, Ni and Au metallization film (LGS-TiNiAu) substrates are shown in Fig. 3 and Fig. 4 respectively. Fig. 3 consists of a compact and homogeneous polycrystalline nanostructure and the grain size is approximately 100nm. Fig. 4 shows that the anatase structure is changed after annealing at 500°C. Slight grain coalescence occurred during annealing. There is the presence of spherical particles surrounded by larger grains. There is no significant grain growth in the spherical particles. Guidi et al. [12] reported that the grain coalescence is almost certainly due to the anatase-to-rutile transition and that the small particles of the cluster were TiO2 anatase and the larger grains were TiO2 rutile. The XRD patterns of TiO2 films were obtained using a Bruker D8 Advance XRD with a CuKca source. The analysis was performed to understand the growth of TiO2 films on the nonannealed LGS substrates. The XRD patterns of both bare LGS and LGS-TiNiAu substrates are shown in Fig. 5 and Fig. 6 Fig. 6 as compared with Fig. 5 . The anatase peaks in Fig. 6 are observed to be slightly broader. An intense peak due to anatase (112) was observed in the 20 range at 38.50. This significant increase of the intensity is accompanied by the decrease of anatase (101). Similar anatase phases i.e. (101), (112), (200) and (211) were also reported in [13] . The other peaks in Fig. 6 correspond to the gold electrodes and LGS substrate. 
III. RESULTS AND DISCUSSION
The change in conductance of TiO2 and Au-TiO2 thin films on LGS-TiNiAu substrates were examined in 60 and 125 ppm of CO in synthetic air at a temperature range between 230°C and 320°C. It has been observed that the device sensitivity is much greater for the Au-TiO2 based gas sensor.
The response of the sensor is defined as a ratio of resistance in synthetic air to the resistance when exposed to the target gas. In Fig. 7 , the Au-TiO2 sensor showed fast response and recovery time of less than 20 seconds towards 60 and 125 ppm of CO at 318°C, respectively. The Au-TiO2 sensor also had a good repeatability in Fig. 8 . The Au-TiO2 sensor exhibited the largest response towards 125 ppm of CO at 230°C as shown in Fig. 9 . The Au-TiO2 sensor response was 3 to 5 times larger than that of the TiO2 sensor, with the ratio varying with temperature. It is observed in Fig. 10 that by increasing the operational temperature, the Au-TiO2 sensor response becomes smaller for both 60 and 125 ppm of Co. Thin films of anatase TiO2 have been deposited on LGSTiNiAu substrates using the RF magnetron sputtering method and successfully used as conductometric CO sensors. The SEM images show the compactness and homogeneous polycrystalline nanostructure for the as deposited TiO2 film on the LGS-TiNiAu substrate. A grain size of approximately lOOnm was achieved. The XRD patterns also depict the nanostructure of the as deposited TiO2 film with a slight broadening of the anatase peaks. The Au-TiO2 sensor has shown to enhance its sensitivity by 3 to 5 times as compared to the TiO2 sensor. The Au-TiO2 sensor also demonstrated the largest response towards 125 ppm of CO at 230°C. The increase in sensitivity of the sensor towards CO gas can be attributed to the addition of gold on the surface of TiO2 which acts as a catalyst. As compared to other metal types of doping on TiO2 films, our work has shown that the Au-TiO2 sensor displayed a relatively fast response and recovery time of less than 20 seconds towards 60 and 125ppm of CO at 3180C.
